Experimental studies of shock modi cation in weakly ionized supersonic gas ows are discussed. In these experiments, a supersonic nonequilibrium plasma wind tunnel, which produces a highly nonequilibrium plasma ow with the low gas kinetic temperature at M = 2, is used. Supersonic ow is maintained at complete steady state. The ow is ionized by a high-pressure aerodynamically stabilized dc discharge in the tunnel plenum and by a transverse rf discharge in the supersonic test section. The dc discharge is primarily used for the supersonic ow visualization, whereas the rf discharge provides high electron density in the supersonic test section. High-pressure ow visualization produced by the plasma makes all features of the supersonic ow, including shocks, boundary layers, expansion waves, and wakes, clearly visible. Attached oblique shock structure on the nose of a 35-deg wedge with and without rf ionization in a M = 2 ow is studied in various nitrogen-helium mixtures. It is found that the use of the rf discharge increases the shock angle by 14 deg, from 99 to 113 deg, which corresponds to a Mach number reduction from M = 2:0 to 1:8. Time-dependent measurements of the oblique shock angle show that the time for the shock weakening by the rf plasma, as well as the shock recovery time after the plasma is turned off, is of the order of seconds. Because the ow residence time in the test section is of the order of 10 ¹s, this result suggests a purely thermal mechanism of shock weakening due to heating of the boundary layers and the nozzle walls by the rf discharge. Gas ow temperature measurements in the test section using infrared emission spectroscopy, with carbon monoxide as a thermometric element, are consistent with the observed shock angle change. This shows that shock weakening by the plasma is a purely thermal effect. The results demonstrate the feasibility of both sustaining uniform ionization in cold supersonic nitrogen and air ows and the use of nonequilibrium plasmas for supersonic ow control. This opens a possibility for the use of transverse stable rf discharges for magnetohydrodynamic energy extraction and/or acceleration of supersonic air ows.
I. Introduction S
HOCK wave propagation in weakly ionized plasmas (with ionization fractionsof 10 ¡8 -10 ¡6 ) has been extensivelystudied for the past 15 years (e.g., see Refs. 1-5 and references therein). The following anomalous effects have been observed: 1) shock acceleration, 2) nonmonotonic variation of ow parameters behind the shock front, 3) shock weakening, and 4) shock wave splitting and spreading. These effects have been observed in discharges in various gases (air, CO 2 , Ar) at pressures of 3-30 torr, and for Mach numbers M » 1:5-4.5. They also persist for a long time after the discharge is off.
At the present time, no consistenttheoretical model has been able to interpret the results of these studies on the basis of nonequilibrium plasma effects alone. 6 On the other hand, recent experiments in a steady-stateglow discharge using spatiallyresolvedgas temperature measurements by ltered Rayleigh scattering 7 and in pulsed glow discharge, 7 as well as modeling calculations, 8 suggest that most of these results can be explained by the nonuniform heating of the gas ow in the discharge. A major complexity with the previous experiments on the anomalous shock weakening and dispersion in nonequilibrium plasmas is that short-duration test facilities (shock tubes and ballistic ranges) have been used. A second complexity is the control of the test plasma parameters. Ideally, it is desirable to have uniform gas temperature, pressure, species concentrations, and electrondensitythroughoutthe test region,and these parameters should remain constantin time. Finally, in the previousexperiments the weakly ionized plasma has been produced in a stagnant or very slowly moving gas, whereas most practical applications of shock wave control by plasmas require sustaining ionization in a supersonic ow.
The present study represents an effort to address and circumvent these complexities. The present experiments are conducted in a new, unique, steady-state supersonic ow facility, with wellcharacterized, near-uniform, nonequilibrium plasma properties. This facility allows simultaneous measurements of the ow eld parameters (such as temperature and pressure) and electric discharge parameters (current and voltage), as well as complete supersonic ow visualization. The main objectives of the present work are to study the feasibility of the supersonic ow modi cation and control by nonequilibriumplasmas and to determine whether the shock weakening by plasmas reported in previous studies is indeed due to thermal effects.
II. Experimental Facility
The facility used in the present study is a recently developed, small-scale, nonequilibrium plasma wind tunnel. 9 In contrast to the shock tube and ballistic range studies, it operates at steady state. The schematic of the wind tunnel is shown in Fig. 1 . The design and operation of the wind tunnel has been described in greater detail in Ref. 9 . Brie y, an aerodynamicallystabilized dc diffuse glow discharge in the tunnel plenum can be sustained at high pressures, up to 2/3 atm in nitrogen, or up to 6 atm in helium. This is not an arc-heated tunnel. Although the electrical power into the discharge is rather high, up to 500 W in pure N 2 , more than 90% of the input power goes into the vibrational mode of nitrogen. 10 In contrast to an electric arc, very little of the power goes directly to gas heating. Therefore, conditions of the gases at the throat exhibit the extreme thermal disequilibriumof the positivecolumn of a glow discharge; the translational/rotational mode temperature is low (»300 K for an uncooled discharge tube), the energy in the vibrational mode is high (0.1-0.2 eV per diatomic molecule), the electron density is n e » 10 10 cm ¡3 , and the average electron energy is in the 1.0-eV range. Downstream of the discharge section is a two-dimensional plane supersonic nozzle, as shown. The nozzle has a high aspect ratio of about 7.5:1, so that in the test section the nozzle width is 3 cm, whereas the distance between the top and bottom nozzle walls is 4 mm. The top and bottom walls of the nozzle are slightly diverging to provide boundary-layer relief in the third dimension. The nozzle is made of transparent acrylic plastic, with glass and CaF 2 windows, which allow optical access to the test section. Fabrication and use of a range of nozzles with varying expansion ratios and test section lengths is straightforward and rapid. The system is connected, through a simple channel diffuser, to a ballast tank pumped by a several-hundred-cubic-feet-per-minute vacuum pump. Operation at relatively high plenum pressures creates a supersonic ow, of reasonable quality (»75% inviscid core), in the test section of the tunnel. 9 At M D 2, run durations of at least a few minutes are attained. An important feature of the nozzle operation is that high level of vibrationalexcitationexisting at the nozzle entrancepersists throughout the nozzle length. The vibrational temperature of nitrogen is essentially frozen at the throat values. Also, the electron-ion recombination in the expansion into the test section of the tunnel is suf ciently slow, so that the ionization fraction produced in the dc discharge in the plenum (n e =N » 10 ¡9 ) remains nearly constant. 9 Our previous experiments in the M D 3 supersonic owing afterglow with ionization sustained by the dc discharge in the plenum 9 did not show any measurableshock modi cation by the plasma. One possible reason for that was the low ionization fraction in the test section, n e =N » 10 ¡9 . In previous shock tube and ballistic range experiments, which demonstrated considerable shock dispersion and weakening, 1¡5 the ionization fraction was in the range 10 ¡8 -10 ¡6 . In the present study, the electron density in the test section is considerably increased by using a transverse rf discharge. It is well known that rf discharges with dielectric-covered electrodes are considerably more stable than dc discharges. 10 The main reason for this is that this type of rf dischargedoes not form unstablehigh electric eld cathode layers where ionization is sustained by secondary electron emission. 11 This prevents formation of cathode spots with the normal current density 10 and, therefore, allows considerable increase of the electrode surface area and the volume occupied by a uniform discharge. In the present experiment, the rf discharge is sustained between 17-mm-long, 4-mm-wide strip electrodes embedded in the top and bottom nozzle walls, as shown in Fig. 1 . Both rf electrodes are covered with layers of 1-2 mm thick Pyrex ® glass to preventsecondary electron emission that results in the discharge collapse into an arc. The electrodes do not extend wall to wall, which would produce considerable discharge and temperature nonuniformity in the boundary layers, because of the long ow residence time there. The rf voltage was applied to the electrodes using a 13.56-MHz, 600-W ACG-6B rf power supply and a 3-kW MFJ-949E tuner was used for rf circuit impedance matching. Typically, the re ected rf power did not exceed 5-10% of the forward power. This allowed sustaining a stable, diffuse, and uniform transverse discharge in pure nitrogen, in N 2 -He mixtures, and in air. Note that initiating and sustaining of the rf discharge did not require ow preionization by the dc discharge upstream. The rms rf voltage and current were varied in the range 0.8-1.75 kV and 80-280 mA. The estimated test section electron density at these conditions is up to n e D 3 £ 10 11 cm ¡3 , that is, two orders of magnitude higher than produced by the dc discharge, which gives an ionization fraction of n e =N » 10 ¡7 . For the shock controlstudies reported here, an 8-mm-long,35-deg plastic wedge is inserted into the supersonic ionized ow a few millimeters downstream of the rf electrodes, as shown in Fig. 1 . With this system, the effect of the nonequilibriumplasmas on the strength of the resultant oblique shock attached to the nose of the wedge can be studied in detail, in a steady and well-controlled plasma environment. The objective of the experiments is to measure the oblique shock angle, under both plasma on and plasma off conditions.Previously, it has been reported that the effect of the plasma is to weaken the shock. This should produce an apparent reduction of the shock Mach number and, therefore, increase the oblique shock angle. Unlike our previous work, 9 where the shock angle was measured using a schlieren system, in the present experiments the high-pressure supersonic plasma ow visualization technique 9 is used for shock angle measurements.Because our previousexperimentsshowed that the aerodynamicallystabilized dc discharge sustained in the nozzle plenum did not produce any detectable shock angle change, in the present study this discharge is primarily used for the ow visualization. Flow images were taken using a high-resolutionmonochrome COHU-4910 camera and a Sony digital video camera. On the other hand, the transverse rf discharge sustained in the test section is mainly used to produce high electron densities comparable with those obtained in previous plasma shock experiments, 1¡5 to study the feasibility of shock weakening by the plasma.
To determine whether the shock modi cation by the plasma is thermal, that is, producedby joule heating of the incident supersonic ow by the discharge,the ow temperaturein the test section is measured using infrared emission spectroscopy.For this, a small amount of infrared active gas (2-4% of carbon monoxide) is added to the gas mixture. The rotational temperature of the ow is inferred from high-resolution CO infrared emission spectra taken with a Bruker Fourier transform infrared (FTIR) IFS-66 spectrometer. Each temperaturemeasurementtook about 30 s. Because of the relativelyhigh ow density (about 1 10 of the atmosphericdensity), the rotationaland translational mode temperatures are in equilibrium.
III. Results and Discussion
Most experiments have been conducted in various N 2 -He gas mixtures at the same plenum pressure of P 0 D 250 torr. The amount of nitrogen in the gas mixture was varied from 10 to 100%. The main reason for adding helium to the gas mixture was to lower the voltage required for sustaining the dc discharge (U D 8-12 kV in a 30% N 2 -70% He mixture vs U D 20-25 kV in pure nitrogen), as well as to lower the power needed to sustain the rf discharge. However, both dc and rf discharges were equally diffuse and stable both in N 2 -He mixtures and in pure nitrogen. With the dc and/or rf discharge on, the nozzle, test section, and diffuserare lled with brightvisibleemission,arisingprimarilyfrom the well-known second positive bands of nitrogen, C 3 5 u ! B 3 6 g , and from the blue lines of helium.
9 Figure 2 shows typical color images of the ow eld around a 35-deg wedge in the test section in a 50% N 2 -50% He mixture, with only the dc dischargeon and both dc and rf dischargeson. One can see that the visible emission makes all features of the supersonic ow, including shocks, boundary layers, expansionwaves, and wakes, clearly visible. Detailed interpretation of the ow visualization mechanism is beyond the scope of the present paper; a brief discussion of the possible kinetic mechanisms involved can be found in Ref. 9 . In addition to the primary oblique shocks, Fig. 2 also shows a pair of fainter secondary oblique shocks produced by the supersonic ow re ection off the boundary layer growing on the wedge walls, luminous boundary layers, centered expansion waves, where the supersonic ow turns a corner, and the dark wake behind the wedge. All of these features can be observedin real time simply by looking at the wind tunnel during its operation. Note that a slight curvature of the primary oblique shock near the nose of the wedge is due to a slight gap between the wedge and one of the nozzlewalls, rather than the incident plasma ow nonuniformity. Indeed, Fig. 3 shows a high-resolution monochrome image of the test section ow eld in the same gas mixture but in a differentnozzle with a much better t between the wedge and the walls. One can see that in this case the oblique shock is nearly perfectly straight. discharge section used to produce a supersonic owing afterglow is the same.
Turning the rf discharge on and off during the wind-tunnel operation resulted in a considerable shock angle increase. The dc discharge was on all of the time to provide plasma ow visualization and enable shock angle measurements with the rf discharge off. Figure 4 shows two high-resolution monochrome ow images in a 30% N 2 -70% He mixture with the rf discharge on and off. In this experiment, the dc discharge voltage and current were 11 kV and 11 mA, respectively, so that the total dc power added to the ow is about 70 W (with about 50 W dissipated on a 400 KÄ ballast resistor). The rf discharge rms voltage and rms current were 1100 V and 180 mA, respectively,so that the total rf power was about 200 W. The electron density in the rf discharge, estimated from the rf current, is n e » D 2 £ 10 11 cm ¡3 , and the ionization fraction is n e =N » 10 ¡7 . From Fig. 4 , one can see that the shock angle increases from ® D 99 to 113 deg, which corresponds to a ow Mach number reduction from M D 2:0 to 1:8. Figure 5 also shows a ow image composed of two separate frames, with the rf dischargeon and off. Both frames have been differentiated using a Scion Image software package to highlight the location of the shock front and then added together. From Fig. 5 , one can clearly see two shock fronts with distinctly different angles, the larger angle corresponding to the frame with the rf discharge on.
Using a COHU monochrome camera, we took a series of still ow frames during the run. The frames were taken at a frequency of approximately 1 frame/s. The objective was to look at the timedependentbehaviorof the obliqueshock with the rf dischargeturned on and off. Figure 6 shows the oblique shock angle as a function of the frame number, that is, time. One can see that, after the rf discharge is turned on, the shock angle slowly (on the order of a few seconds) increases and reaches the near steady state. After the rf discharge is off, the reverse process, that is, shock angle recovery to its initialvalue,also takes a few seconds.Note that the ow residence time in the test section is of the order of ten microseconds. During these experiments, both dc and rf voltage and current remained nearly constant in time.
The slow shock angle increase and recovery suggest a purely thermal mechanism, that is, the heating of the boundary layer in the third dimension (along the line of sight) and the nozzle walls near the rf discharge electrodes, which may well take a few seconds.The observed Mach number reduction is consistent with a ow temperature increase by 1T D 24 K. (This number is obtained for a onedimensional Rayleigh ow at M D 2 with°D 1:55.) In the present experiments, we never observed the anomalous shock behavior previously reported by several groups 1¡5 (such as shock dispersion, shock splitting, and precursor formation in front of the shock). The shock front is always clearly de ned, and no visible splitting occurs, for example, see Figs. 4 and 5. We believe that these previously reported effects are most likely to be due to nonuniformheating of the ow by the discharge, which in the present experiment is reduced to a minimum.
To determine whether the observed shock weakening is indeed a purely thermal effect, we measured the ow temperature in the test section, with only the dc dischargeon, with only the rf discharge on, and with both discharges on, using infrared emission spectroscopy. For the temperature measurements, 10 torr of CO was added to the baseline 75 torr N 2 /175 torr He mixture. The temperature was measured downstream of the rf electrodes but upstream of the wedge model, halfway between the nozzle axis and the wall. The FTIR signal was collected from a region of about 1 mm 2 area, while the rest of the nozzle was masked off. However, the resultant CO fundamental emission spectrum is integrated along the line of sight in the third dimension across the nozzle, which includes the boundary layers near the top and the bottom nozzle walls. Figure 7 shows two typical CO fundamental emission spectra (R-branch of the 1 ! 0 band) taken with only the dc discharge on and with only the rf discharge on. The dc discharge voltage and current were 19.6 kV and 24.0 mA, respectively, with about 230-W power added to the ow. The rf rms voltage and current were 1.6 kV and 120 mA, with the total rf power of about 200 W. Note that the measuredCO 1 ! 0 emissionintensityin the dc dischargeafterglow exceeds the emission intensityin the rf dischargeafterglowby about a factor of ve (Fig. 7) . Also, the CO spectrum in the rf discharge afterglow has a very weak 2 ! 1 band (a second series of rotational lines below 2170 cm ¡1 ; Fig. 7 ). This shows that the CO vibrational temperature in the rf discharge is considerably lower than in the dc discharge.In other words, in the rf dischargea much smaller fraction of the input power goes into vibrational excitation, whereas more power goes into excitationof more rapidly relaxing electronicstates of N 2 and He and ultimately into gas heating. This is consistent with the estimated reduced electric eld values (E=N / DC » D 5 £ 10 ¡16 V ¢ cm 2 and (E=N / RF » D 10 £ 10 ¡16 V ¢ cm 2 . Thus, the transverse rf discharge is expected to heat the gas ow more ef ciently than the dc discharge. Figure 8 shows Boltzmann plots obtained from two CO emission spectra, one with 230-W dc added to the ow, and the other with 230-W dc and 200-W rf coupled to the ow. One can see that in both cases the ow is optically thin for the CO emission because there is no signi cant self-absorption among the low rotational levels. The best t to the data obtained using the rotational maxima between Figure 9 shows the ow temperature as a function of the rf discharge power added to the ow. At each value of the rf power, the temperature was measured both with the 230-W dc discharge on and off. One can see that when 200-W rf power is added to the ow, the temperature inferred from the low rotational level populations (J 0 D 1-12) increases by only 1T D 15 K, whereas the temperature inferred from the high rotational levels populations (J 0 D 12-19) rises by 1T D 50 K. The temperature inferred from all available data (J 0 D 1-19) increases by 1T D 35 K. This can be interpreted as preferential heating of the boundary layers by the rf discharge. This temperatureincrease is consistentwith the one-dimensionalestimate of the temperature rise needed to explain the observed shock angle changeby the ow heating,1T D 24 K. Thus, the temperature measurements, in addition with the extremely slow shock weakening and recovery (see Fig. 6 ), suggest that the shock control by the plasma is a purely thermal effect.
The emission spectroscopy measurements also explain why the use of 200-W rf power results in a substantial shock weakening, whereas adding 500 W of dc power to the ow does not produce any detectable effect on the shock angle. 9 Basically, it occurs because in the transverserf dischargea larger fractionof the electric eld power goes to gas heating, which preferentially occurs in the boundary layers.
An additional run was conducted in a 10% N 2 /90% He mixture. In ows with large fraction of helium, the oblique attached shock becomes strongly curved and closely resembles a bow shock. With both 30-W dc dischargeand 100-W rf dischargeturned on, the shock standoff distance increased by about 0.1 mm (Fig. 10) .
In the last series of experiments,the nonequilibriumplasma windtunnel facility was operated in atmospheric air. Room air entered the nozzle plenum at the pressure P 0 D 250 torr through a valve opened in the gas line upstream, and the transverse rf discharge was initiated in the supersonic test section. As in all earlier runs in N 2 -He mixtures and in nitrogen, the discharge in air was diffuse and stable, with no sign of arc laments (Fig. 11) . The only signicant difference from the N 2 -He runs was that the visible afterglow in air was nearly absent due to very rapid relaxation of radiating electronically excited molecules, which did not allow straightforward plasma ow visualization. For this reason, no plasma shock weakening measurements in air have been performed. However, such measurements can be easily made on the present facility using a conventional schlieren system available in our group. These experiments showed that uniform and stable plasma with the electron density of n e D 3 £ 10 11 cm ¡3 can be sustained in supersonic air ows using a transverse rf discharge. Both electron density and ionization ef ciency are expected to be considerably increased by replacing the sine wave rf voltage by a series of very short highvoltage pulses, such as been done in high-power CO lasers. 12 This would allow operationat a very low duty cycle and would, therefore, greatly improve the discharge stability and the plasma power budget, 12 thereby opening a possibility of the use of transverse highfrequency pulsed discharges for magnetohydrodynamic(MHD) energy extraction and/or acceleration of supersonic air ows.
13;14 The high-voltage, high repetition rate pulsed power supply for this application is currently being developed at Ohio State University.
IV. Summary
A unique supersonic nonequilibrium plasma wind tunnel, which produces a highly nonequilibrium plasma ow with low gas kinetic temperatures at M D 2, is used for studies of shock modi cation by nonequilibriumplasmas. Supersonic ow is maintained at complete steady state. The ow is ionized by a high-pressureaerodynamically stabilized dc discharge in the tunnel plenum and by a transverse rf discharge in the supersonic test section. The dc discharge is primarily used for the supersonic ow visualization, whereas the rf discharge provides high electron density for shock modi cation in the supersonic test section. High-pressure ow visualization produced by the plasma makes all features of the supersonic ow, including shocks, boundary layers, expansion waves, and wakes, clearly visible. Attached oblique shock structure on the nose of a 30-deg wedge with and without rf ionization in a M D 2 ow is studied in various nitrogen-helium mixtures. It is found that the use of the rf discharge increases the shock angle by 14 deg, from 99 to 113 deg, which corresponds to Mach number reduction from M D 2:0 to 1:8.
Time-dependent measurements of the oblique shock angle show that the time for the shock weakening by the plasma, as well as the shock recovery time after the plasma is turned off, is of the order of seconds. Because the ow residence time in the test section is of the order of 10 ¹s, this result suggests a purely thermal mechanism of shock weakening due to heating of the boundary layers and the nozzle walls by the discharge. Gas ow temperature measurements in the test section using infrared emission spectroscopy, with carbon monoxide as a thermometric element, are consistent with the observed shock angle change. This also shows that shock weakening by the plasma is a purely thermal effect. The results demonstrate feasibility of both sustaining uniform ionization, with electron density up to n e D 3 £ 10 11 cm ¡3 in supersonic nitrogen and air ows and the use of nonequilibrium plasmas for supersonic ow control. This opens a possibility for the use of transverse stable rf discharges for nonequilibrium MHD energy extraction and/or acceleration of supersonic air ows.
